CotA protein from Bacillus subtilis is of laccase activity. The solubility of recombinant CotA is low, which hinders its application. In this study, histidine tag position optimization and hydrophilic engineering were applied to increase the yield and activity of CotA protein. The results showed that the protein yield of CotA with his tag at C-terminal (CH6-CotA) was four times of that of NH6-CotA (His tag at N-terminal). Then, 23 single mutants were constructed by substitutions of hydrophobic residues with hydrophilic amino acids. Among them, the protein yield of the mutant F207Y was increased by 30%; the catalytic activity (kcat/Km) of V403T and P455S was two and three times higher than that of CH6-CotA, respectively. Finally, triple mutant F2071Y/V403T/P455S with C-terminal his-tag (CH6-TSY) was constructed. When the proteins were expressed in microanaerobic condition, the activities of mutants CH6-P455S and CH6-TSY were enhanced about 48-and 42-folds compared to that of NH6-CotA in non-static culture.
Introduction
Laccases (benzenediol:oxygen oxidoreductases, EC 1.10.3.2) can oxidize a wide range of substrates and reduce dioxygen to water. Laccases are widely distributed in plants, fungi, bacteria and insects (Alexandre and Zhulin, 2000; Hoegger et al., 2006) . This enzyme is considered by many as an eco-friendly and versatile catalyst, having been applied into bleaching, bioremediation and textile industry, among others (Mate and Alcalde, 2015) . CotA is a component of the endospore coat of Bacillus sp., it is of laccase activity with excellent thermostability (Giardina et al., 2010; Ribeiro et al., 2011) . However, the application of CotA laccase was hindered by the low activity and low yield, since most of the recombinant CotA protein is in inclusion body (Martins et al., 2002; Mohammadian et al., 2010) . Therefore, it is essential to increase the activity and solubility of CotA laccase (Rodgers et al., 2010) . Previously, direction evolution (Koschorreck et al. 2009; Gupta and Farinas, 2010; Rasekh et al. 2014) , microanaerobic culture (Durão et al., 2008) , lowering temperature in induction phase (Mohammadian et al. 2010) or coexpression CotA with copper chaperone protein (Gunne et al. 2013 ) has been applied to increase activity of CotAs. Otherwise, CotAs from different species of Bacillus were screened and the yields of recombinant proteins were compared (Guan et al. 2014; Ihssen et al. 2015) . Moreover, CotAs have been expressed in fungi Pichia pastoris to circumvent low expression yield in E. coli (Lu et al., 2013 , Fan et al., 2015 , Wang et al., 2017 . On the other hand, a number of studies attempted to increase the solubility of recombinant bacterial laccase, including the mutations in specific amino acids (Katja et al., 2009; Nasoohi et al., 2013) , optimization of culture conditions (Mohammadian et al., 2010) , optimization of histidine tag (Fang et al., 2014; Liu et al., 2014) and modification of host strains (Safary et al., 2016) . CotA protein is involved in the assembly of the coat in Bacillus sp., the hydrophobic residues on the protein surface may be related to the aggregation of the recombinant CotA. Previous studies have shown that the protein yield could be increased by the substitutions of the hydrophobic residues to hydrophilic amino acids (Zhang et al., 1997; Murby et al., 2010) . In this study, a couple of hydrophobic residues of CotA were mutated into hydrophilic amino acids, and the effect on laccase activity and yield was evaluated. In combination with the histidine tag optimization and static culture, the activity of two mutants CH6-P455S and CH6-TSY was increased by 48 and 42 times, respectively (Fig. 1) .
Results and discussion
Enzymatic properties of NH6-CotA and CH6-CotA
To evaluate the effect of histidine tag position on enzyme activity and yield, CotA proteins with his tag at C-terminal (CH6-CotA) and N-terminal (NH6-CotA) were expressed and compared to CotA without his tag (CotA-WT) ( Table I ). The yield of CH6-CotA was about three times of that of NH6-CotA and increased by 67.8% compared to CotA-WT (Table I) . Specific activity of CH6-CotA was at the wild type level and was nearly three times of that of NH6-CotA (Table I ). These results indicated that a C-terminal his-tag slightly influences the specific activity of CotA compared to Nterminal his-tag. In Trametes sp., it was also found that the activity and yield of laccase with C-terminal His tag was higher than that of protein with N-terminal His tag (Liu et al., 2014) .
The optimum temperature and pH value of NH6-CotA and CH6-CotA were consistent with the previous report (Martins et al., 2002) , which were 45°C and pH 4 (Fig. 2) . Both NH6-CotA and CH6-CotA can maintain more than 50% of the activity at 50-65°C and pH 3-5. These results suggest that the change of label position does not affect the optimum temperature and pH value of CotA.
Evaluation of hydrophilic amino acids mutants
Although the C-terminal His tag can significantly improve the yield of CotA protein, still, nearly 70% of the recombinant protein formed inclusion bodies, which was consistent with our predictions using the Wilkinson-Harrison soluble model (Wilkinson and Harrison, 1991) . About 40% of hydrophobic amino acids in CotA laccase are distributed on the surface of the protein. These exposed hydrophobic residues may be involved in the aggregation of recombinant CotA. Therefore, some hydrophobic residues were mutated into hydrophilic amino acids. To avoid the unwanted interference, 11 hydrophobic amino acids on the surface far away from the active CotAs were expressed in 1 L cultures. Protein yields and specific activities of proteins were determined after multi-step purification as described in 'Materials and methods' section. Fig. 2 The optimal pH (a) and temperature (b) of purified NH6-CotA and CH6-CotA. The optimal temperature and pH were tested at different temperatures in citrate-phosphate buffer (pH 4.0) and various pH buffer at 40°C, respectively. center are selected for mutagenesis (Fig. 5) . Otherwise, the interactions with adjacent residues are important, mutations causing likely steric clashes were ruled out. Thus, three leucine (Leu54, Leu343 and Leu447), one phenylalanine (Phe207), four proline (Pro222, Pro396, Pro452 and Pro455) and three valine (Val397, Val403 and Val454) were selected and mutated (Table II) .
The total 23 mutant proteins were purified by Ni affinity column and were analyzed by SDS-PAGE gel (Fig. 3) . All of the mutants were quantitatively analyzed and the results are shown in Table II . In general, the yield of CH6-CotA and mutants is in the range of 0.1 -3.9 mg/L. The soluble fractions of CH6-F207Y and CH6-P455S increased 30% and 10%, respectively.
The activities of 23 mutants to ABTS were tested and compared with that of CH6-CotA (Fig. 4) . The activities of CH6-P455S and CH6-V403T were 1.8 and 1.5 times higher than CH6-CotA, respectively, the relative activities of other mutants were equal to or less than CH6-CotA.
Although the protein yield of CH6-F207Y mutant was increased by 1.3-fold, the catalytic efficiency (kcat/Km) of this mutant was the same as CH6-CotA (Table III) . Both CH6-V403T and CH6-P455S mutants showed higher catalytic efficiency than the wild type. Subsequently, the single positive mutants were combined and the double mutant V403T/P455S (CH6-TS) and triple mutant F2071Y/V403T/P455S Different letters denote significant differences according to Ducan's multiple range test (P < 0.05) (Duncan, 1955) . Fig. 4 The relative activity of 23 mutants. The numbers on the graph correspond to the numbers in Table II .
(CH6-TSY) were constructed (Fig. 5) . The catalytic activities (kcat/ Km) of CH6-TS and CH6-TSY were 1.6 and 2.5 times as high as that of the CH6-CotA, respectively. And the kinetic parameters showed that the kcat/Km of the CH6-TSY mutant is higher than CH6-CotA, CH6-V403T and CH6-F207Y, but it is equivalent to CH6-P455S. Therefore, it appeared that the mutation of Pro455 make main contribution to the higher catalytic activity of the triple mutant. The yield of CH6-P455S does not change too much, however, its Km value is 60% lower than CH6-CotA (Table III) , finally, the catalytic efficiency (kcat/Km) of CH6-P455S is about three times higher than CH6-CotA.
In the CotA, the residue Pro455 is in the loop region extending to the lid-like motif (Fig. 5) , and it is interesting that four consecutive prolines (Pro455, Pro456, Pro4567 and Pro458) are in this region. Moreover, hydrophobic amino acids Val454, Ala453 and Leu431 are in the vicinity of Pro455 (Fig. 5c) . Replacement of proline by serine may reduce the hydrophobic interactions. Because Ser455 attained polar hydroxyl oxygen, it may form hydrogen bond with water and increase the solubility of the protein. Besides, the Pro455 and adjacent hydrophobic residues were in Domain III, which maintains mono-copper substrate binding pocket and contributes to form trinuclear copper center, the substitution of Pro455 may cause a local conformational change and affect the catalytic center of CotA. In previous studies, the mutants in domain III with changed catalytic activities have been reported (Gupta and Farinas, 2010; Kenzom et al., 2014; Liu et al., 2016) .
Increasing the laccase activity by static culture
In addition, the static cultivation method (Durão et al., 2008) was applied in our study. The activities of CotA proteins were tested from crude enzyme. The activity of NH6-CotA enzyme from static culture was about 12 times higher than that of non-static culture (Fig. 6) . However, the activities of mutants CH6-TS and CH6-TSY from static culture were increased 23-and 30-folds, respectively (Fig. 6) . Similar results were reported in halo-thermotolerant laccase of Bacillus sp. SL −1 (Safary et al., 2016) .
In this study, when the three strategies were integrated, the CH6-P455S and CH6-TSY mutants showed 48-and 42-fold improvement in the activity compared to the NH6-CotA from non-static culture, respectively. Durão et al. (2008) found that the anaerobic condition can facilitate the incorporation of copper ions into the laccase enzyme and increase the enzyme activity.
Conclusion
In this study, the soluble expression of CotA laccase from B. subtilis was increased by the C-terminal histidine tag. By site-directed and combinatorial mutagenesis, two mutants CH6-P455S and CH6-STY with higher activity were obtained. Under the condition of static culture, the activity of the two mutants, CH6-P455S and CH6-TSY, was increased 48-and 42-folds compared to NH6-CotA from nonstatic culture. In summary, the enzyme activity of CotA was improved by the combination of point mutation, C-terminal histidine tag and static culture. These CotA derivatives could be applied for various industrial processes.
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